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The natural history of aortic regurgitation is incompletely under-
stood in part because of the lack are simple method to estimate the
defect size. A method of determining the effective regurgitant
orifice area that combines Doppler catheter and Doppler echocar-
diographic techniques and is based on the principle of conserva-
tion of mass (the continuity equation) is described . To validate the
application of the Doppler catheter system for measuring regur-
gitant supravalvular diastolic flow, an in vitro model of retrograde
aortic flow was used. These studies indicated that measurements
of supravalvular retrograde velocity with the Doppler catheter
accurately reflect retrograde diastolic velocity when the aorta is
<4 .8 cm in diameter .
Twenty-Three patients undergoing cardiac catheterization were
studied; 20 of these patients had aortic regurgitation . Retrograde
supravalvular diastolic velocity was determined from a Doppler
catheter positioned above the aortic valve . The effective regur-
In Corrigan's landmark 1832 treatise (1) on aortic regurgita-
tion, he noted that "the quantity [of blood] that regur^,bates
will be large[ly] in proportion to the degree of inad~quacy of
the valves, and to the length of pause between the contrac-
tions of the ventricle during which the blood can be pouring
back ." Despite this observation >150 years ago, methods to
quantitate aortic regurgitation, such as catheter-tipped flow
transducers, Doppler techniques, nuclear magnetic reso-
nance velocity mapping and supravalvular aortography,
have varying degrees of accuracy and reliability
(2-6)
.
Qualitative grading of aortic regurgitation by supravalvular
aortography correlates poorly with regurgitant volume in-
dex, particularly when left ventricular volume is large (7). In
addition, the severity of aortic regurgitation as determined
by aortography may differ from that found at operation (8).
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gilant orifice area was calculated with use of the Doppler catheter
derived regurgitant volume and mean transvalvular diastolic
velocity as determined by either catbeterization or continuous
wave Doppler echocardiography . The ratheterization-derived re
.
gurgitant orifice area increased with the angiographic grade of
aortic regurgitation as follows : 1+ (0.04 to 0.10 cmz), 2+ (0.15 to
0.49 cm'1, 3+ (0 .29 to 1 .11 cm z ) and 4+ (1.24 to 1
.33 cm') .
By combining Doppler catheter, eehocardiagraphic and car-
diac catheterization techniques, the effective aortic regurgitant
orifice area may be estimated ; this hydrodynamic area correlates
with grading by supravalvular aortography. Calculation of this
area provides a quantitative alternative to aortography for esti.
mating the severity of aortic regurgitation but should be used with
caution in patients with a markedly dilated aorta .
(J Am Call Cordial 1991;18:761-8)
Development of Doppler echocardiographic techniques
has enhanced the noninvasive assessment of aortic regurgi-
tation . The aortoventricular pressure half-time can be deter-
mined from continuous wave Doppler sampling of the aortic
regurgitant jet ; shorter half-times suggest severe aortic re-
gurgitation (9). Pulsed wave Doppler and Doppler color flow
mapping techniques allow mapping of the regurgitant jet
within the left ventricle (10) . Retrograde diastolic aortic flow
has been found (5,11) to be proportional to the degree of
regurgitation determined by Doppler echocardiographic
techniques or by a catheter-tipped electromagnetic flow-
meter
; the amount of retrograde diastolic flow increases as
the degree of aortic regurgitation increases .
The majority of methods have focused on determining the
regurgitant volume as an index of the severity of aortic
regurgitation . Because the regurgitant volume is dependent
on loading conditions
(12), it would in principle be more
useful to describe the size of the defect in the valve .
Estimation of the size of the regurgitant orifice area has been
performed intraoperalively in patients with severe aortic
regurgitation by using an electromagnetic flowmeter to mea-
sure retrograde aortic flow (13) . The "effective orifice area"
can be calculated for ttenotic orifices with the continuity
principle
; this area corresponds to the area of the vena
contracta that forms as blood passes through the valve (14) .
0735-1097191153.50
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The effective orifice area is smaller than the true anatomic
area but has been found (15) to correlate closely with
stenotic valve areas observed at catheterization
. Application
of the same principles to aortic regurgitation would allow
calculation of the "effective regurgitant orifice area ." The
purpose of this study was to develop a method of determin-
ing the effective regurgitant orifice area in patients with
aortic regurgitation by combining Doppler echocardiog-
raphy, cardiac catheterization and intraaortic Doppler cath-
eter techniques .
Methods
Patient selection . Patients undergoing cardiac catheter-
ization for the purpose of defining the severity of aortic
regurgitation were candidates for the study . Patients were
not eligible if they had a mechanical aortic valve or severe
aortic stenosis (aortic valve area s0.7 cmc as determined
from a prior routine Doppler echocardiogram) . Informed
consent was obtained from each patient before the proce-
dure in accordance with guidelines established by the
Brigham and Women's Committee for the Protection of
Human Subjects From Research Risks .
Twenty nonconsecutive patients (13 men and 7 women)
with aortic regurgitation and a mean age of 57 .2 ± 16 .4 years
were studied between July 1989 and August 1990. Fourteen
patients had native aortic valve regurgitation (caused by
degenerative aortic valve disease, n = 5
; rheumatic disease,
n = 3 ; annular diiation, n = 3
; bicuspid valve, n = 1 ;
systemic lupus erythematnsus, n = I and unknown factors,
n = I) and six patients had porcine bioprosthetic aortic
regurgitation, Seven of the 20 patients with aortic regurgita-
tion had coexisting aortic slenosis with a stenotic valve area
of <I
cm' measured at catheterization. Eleven of the 20
patients were in New York Heart Association functional
class I or II, 8 were in class III and I was in class IV
. Three
patients (two men and one woman) without aortic regurgita-
tion undergoing catheterization for assessment of coronary
anatomy were entered into the study protocol and served as
control subjects .
Catheterization and echucardiographic protocol . Patients
underwent standard right and left heart catheterization,
including aortography and coronary angiography
. Pressure
tracings were obtained from fluid-filled 7F catheters with
previously published (16) frequency characteristics
. Qualita-
tive grading of the degree of aortic regurgitation was made
by an angiographer (8) who was unaware of the other
calculations .
After cardiac catheterization, an 8F right Judkins angio-
plasty guiding catheter (Schneider, Inc .) was passed into the
left ventricle over a straight standard 0 .035-in . (0
.089 cm)
Cook guide wire . The guide wire was removed and a 20-MHz
pulsed Doppler crystal (sample volume 0.62 mm) mounted
on a 3F Millar catheter was placed over a 0 .014-in . (0 .035-cm)
flexible guide wire (Advanced Cardiovascular Systems, Inc .)
and passed through the guiding catheter into the left ventri-
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Figure 1. Radiograph of the guiding catheter and the Doppler
catheter system positioned for recording the retrograde supraaortic
diastolic flow velocity. I = end of the angioplasty guiding catheter
positioned above the aortic valve
; 2 = tip of the Doppler catheter ;
3 = aortic ring in a patient with a porcine bioprosthesis ; 4 = floppy
high torque guide wire in the left ventricle
.
cle under fluoroscopic visualization . The Doppler catheter
was positioned beyond the end of the guiding catheter, with
the flexible guide wire extending into the left ventricular
apex. The Doppler catheter was connected to a photographic
multichannel oscillographic recorder (Electronics for Medi-
cine model VRI6) to display phasic waveforms. The Doppler
catheter system was calibrated in an in vitro flow system at
the Massachusetts Institute of Technology Fluid Mechanics
Laboratory
. Use of this Doppler catheter system has been
previously described (17)
. The guiding and Doppler cathe-
ters were simultaneously withdrawn from the left ventricle
until the central aortic pressure waveform from the guiding
catheter was observed. The Doppler catheter was positioned
approximately 2-cm above the aortic valve and the signal
recorded for I min (Fig . 1 and 2). The guide wire was fixed
Figure 2
. Schematic representation of the Doppler catheter system
positioned in the left ventricle .
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in the apex of the left ventricle . anchoring the Doppler
catheter in a constant position above the aortic valve .
Two-dimensional echocardiogrmns were obtained in the
catheterization laboratory immediately after the Doppler
catheter recordings with the patient in the supine or left
lateral decubitus position; a Hewlett-Packard 77)120 AC/AR
phased-array ultrasonoscope device and a 2 .5-MHz trans-
ducer were used
. Parasternallong-axisl apical five-chamber
and second right intercostal space images were recorded .
Imaging continuous wave Doppler sampling of aortic regur-
gitation was recorded from the apical five-chamber view .
In vitro model . An important assumption in calculating
the regurgitant volume from the Doppler catheter recordings
is that the diastolic retrograde flow profile across the aorta is
relatively blunt as opposed to fully developed parabolic flow
at a distance of 2 cm above the aortic valve . If the velocity
profile is blunt, measurement of the retrograde velocity with
the Doppler catheter will approximate the mean velocity of
blood flow across the aorta. Although the curvature of the
aorta and complex geometry of the aortic valve will influence
the flow profile, principles of fluid mechanics suggest that the
velocity profile of aortic flow is relatively blunt in contrast to
parabolic flow in smaller vessels 1181. This effect is apparent
when considering the frequency variable known as the
Womersley number, which is a dimensionless number that is
related to the ratio of transient menial forces to viscous
forces. Yoganathan et al . (14) have described the Womersley
number as an "unsteady Reynolds number" (see references
14 and 18 for detailed descriptions of the Womersley num-
ber). When the Womersley number is large, the effect of the
fluid viscosity does nut have time to propagate very far from
the vessel wall. In the adult human aorta, the Womersley
number is approximately 20, which exceeds the value of 6 at
which parabolic flow profiles become markedly blunted (18).
To test the hypothesis that contraction of diastolic retro-
grade flow toward the regurgitant orifice above the aortic
valve does not significantly influence estimation of retro-
grade velocity with the Doppler catheter system, an in vitro
model was used . The details of this model have been
previously described (19) . Straight, 5- to 6-cm long plastic
tubing of varying internal diameters (3 . 4 and 4.8 cm) were
attached proximal to a regurgitant orifice of 03 em'- to
simulate retrograde supravalvular flow . Velocities of retro-
grade flow were measured at and several centimeters prox-
imal to the orifice using the Doppler catheter and compared
with the measured flow rate . Velocity flow fields also were
visualized using a 2 .5-MHz Doppler color flow mapping
system (ATL . For each Doppler catheter velocity determi-
nation, the mean of 100 measurements was calculated .
Calculations . An off-line digitizing analysis program
(Cardiology Workstation, GTl Freeland Medical Division)
was used to analyze the Doppler catheter and echocardio-
graphic data. The aortic diameter was measured from the
parasternal long-axis view of the two-dimensional echocar-
diogram in diastole at a point 2-cm above the aortic valve .
Continuous wave Doppler and Doppler catheter diastolic
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Figure J. Recording of aortic supravalvular diastolic flow velocity
from a patient with se a conic re_ rgitation is shown with
multancous pressure tracings. On the left is the scale for recording
pressures : on the right is the scale for recording Doppler velocities.
I = aortic pros recorded from the angioplasty guiding catheter .
= femoral artery pressure (dampened by the guiding catheter) : 3 =
diastolic retrograde velocity signal recorded from the Doppler
catheter: 4 = mean velocity signal recorded from the Doppler
catheter, the hatched area represents the diastolic areameavurcdto
determine the velocity-time integral of the Doppler catheterr
profiles of aortic regurgitation were digitized : 5 spectral
envelopes were averaged and analyzed for these patients in
sinus rhythm and 10 spectral envelopes were analyzed for
those in atrial fibrillation (Fig . 3). The imaging continuous
wave Doppler technique allowed determination of the angle
between the Doppler flow sampling and the center of the
aortic regurgitant jet by Doppler color flow mapping in two
of three dimensions . As this angle increases, the difference
between the measured and true velocity increased and
became important (>10Ce) if the angle of incidence was
>25c . When the angle of incidence was 25° or larger, the
velocity-time integral was corrected by dividing it by the
cosine of the measured angle of incidence (I of 20 patients in
this studv). The cross-sectional area of the aorta was calcu-
lated from the radius of the ascending aorta during diastole,
assuming the aorta to be circular .
Viscous losses through the regurgitant orifice are as-
sumed to he small relative to convective losses . Local flow
acceleration is omitted in this calculation . Retrograde aortic
flow contributing to coronary filling is aura assumed to be
small relative to retrograde flow across the aortic valve
; this
assumption is supported by previous studies (20,21) . This
assumption was also tested in the three patients without
aortic regurgitation in our study (see Results) .
The cnntinaity equation states that for too areas kith
equal floi, : CSA, x Velocity-time integral, = CSA, x
Velocity-time integral, where CSA
I and CSA, are the
cross-sectional areas, and Velocity-time intent, and Veloc-
ity-time integral, are the respective velocity-time integrals
(VTt) of flew through cross-sectional areas 1 and 2
.
1'he -hone of blood passing through an urea
per cycle is
Riven bo: Volume
m
CSA
x
Velocity-time integral .
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Figure 4. Depiction of simultaneous central aortic and left ventric-
ular pressure tracings . I = central aortic pressure : 2 - left ventric-
ular pressure : 3 = hatched area corresponding to the diastolic
aortuventricular pressure gradient This hatched area was measured
to determine the mean pressure gradient across the valve in diastole .
With
use of these principles, the regurgitant vohnJte (ml)
is ralrulared (is follows
: Regurgitant volume = (CSA aorta)
x (VTl or), where CSA aorta = the diastolic area of the aorta
2 Em above the aortic valve (cm')
and VTIne = the diastolic
velocity-time integral of the Doppler catheter in the supra-
valvular position (cm).
The echorordiographic method of determining the effec-
tive regurgitant orifice area (EROA,, .,,,) is as follows:
EROArrh„
X
VTI„, = (CS.A aorta) x VTIor ; where VTI, r is
the velocity-time integral of the aortic regurgitant jet deter-
mined from continuous wave Doppler echocardiography .
Rearranging this equation to solve for the regurgitant orifice
area results in: EROA rch„ = (CSA aorta) x (VTl or)IVTI,, .
The aortic and left reruricalar tracings were superim-
posed and the diastolic aorloventricular pressure gradient
was determined by using a digitizing computer program
desigrr7d to calculate valve areas (Biomedical Data Systems,
Inc .) (Fig . 4). The mean velocity of blood flowing retrograde
across the valve was calculated by the following equation
(22): Mean
Velocity-1h
(CM/5)
= 50 .4 x (Squa) a root of mean
pressure gradient [mm Hg]). Calculation of the velocity in
this manner is an application of the Bernoulli principle and
assumes that the velocity of retrograde blood flow in the
supravalvular position is small relative to the velocity of
retrograde diastolic blood flow through the aortic valve ; this
assumption is supported by our direct measurements .
The catheterization (cath)-derived velocity-time integral
(VTIr5,5
1
is equal to: VTIr„ h = (Mean velocity
cmh)
x
(CPP) . where DFP = diastolic filling period in seconds . The
catheterization-derived effective regurgitant orifice area
(EROAr„ h ) in cm 2 is calculated as follows : EROAa,,,, _
(VTI ns )
X (CSA aor1a)IVTIr,rh .
Statistics. The effective regurgitant orifice areas from
catheterization and echocardiography were compared using
linear regression analysis .
6
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Figure 5. The ratio of observed flow velocity (measured by Doppler
catheter) proximal to the regurgitant orifice to the calculated veloc-
ity (V,) based on the known flow rate versus the distance from the
Doppler catheter to the orifice in the model aorta . The closed circles
represent the 3-cm (internal diameter) aorta, inverted triangles the
4-cm aorta and the a pen circles the 4 .0-am aorta. For each aortic
diameter, the ratio of observed velocity/calculated velocity ap-
proaches I at a distance of 2 cm proximal to the orifice .
a o
Results
In vitro model . The retrograde supravalvular velocity
was determined in an in vitro model of aortic regurgitation .
The Doppler catheter velocity was recorded at the orifice
and at several points proximal to it for each of the three
aortic diameters (observed velocities) . These velocities were
compared with the expected velocity calculated by dividing
the measured flow rate by the aortic cross-sectional area
(Fig. 5) . For each of the three aortic diameters, the ratio of
observed to expected velocity approached unity at distances
of >2 cm proximal to the orifice. The Doppler color velocity
field map (Fig. 6) demonstrated the blunt velocity profile of
flow in the model aorta toward the regurgitant orifice
. In the
largest model aorta used in this study (internal diameter
4.8 cm), the effect of flow convergence on the Doppler
catheter measurements appeared at <_2 cm above the model
regurgitant orifice
.
Patient data (Table 1). Twenty patients with aortic regur-
gitation and three control subjects underwent determination
of aortic effective regurgitant orifice area using the combi-
nation of Doppler catheter, Doppler echocardiographic and
catheterization techniques . The procedure was well toler-
ated by all patients . The three patients without echocardio-
graphic evidence of aortic regurgitation had a small calcu-
lated regurgitant volume (3 to 5 ml) that probably reflected
coronary artery flow
.
The Doppler catherer-derived regurgitant volume was
small for the three patients with I + aortic regurgitation (6 to
IACC Vol. 18 . No. 3
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Figure 6 . Doppler color velocity field map of the in vitro
model of aortic regurgitation. The color map lien) has
been adjusted so that ye
ll
ow
correspond, to a narrow
range of velocities . The top of this map represents the
aortic regurgitant jet (AR) within the left ventricular
outflow tract . The area of flow convergence proximal to
the valve is highlighted by the large arrow . Proximal to the
area of flow convergence . the color velocity map demon-
strated relatively uniform velocities throughout the 3-cm
internal diameter aorta (Ao),
15 ml) and larger for the five patients with 2+ aortic
regurgitation (32 toll I ml). Patients with 3+ aortic regurgi-
tation had a regurgitant volume ranging from 45 to 143 ml
Table 1 . Measurements in 20 Patients With Aortic Regurgitation
Aortic area = erosvsectional area of the aonu
: Cath = catheleritmior-
derived vanahles : Echo = cchocatdingraphlodotvod vmixhle, : EROA =
agrarian egurgita orifice area'. Grade - g .,de ut as n'gurgilalion : Is, _
patient : V'I'I = d,aaohc arnie amsvulvulur clots -cc, integral : VTI,,, _
velocity-time integral of diastolic retrograde fl,),, mcawmd by the Doppler
catheter.
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and the two patients with 4+ aortic regurgitation had a
regurgitant volume of 148 and 189 ml, respectively . Regur-
gitant volume increased as the angiographic grade of aortic
regurgitation increased IFig . 71 . Sufficient data were avail-
able for 10 of the 20 patients to calculate the regurgitant
volume from the Fick and angiographic cardiac output
determinations (7). The correlation between regurgitant vol-
ume (angiographic - Fick stroke volume) and Doppler
catheter volume was: Regurgitant volume lAngiographic
-
Fick) = 0 .69 (Doppler catheter volume) - 0 .77: r = 0 .74 .
The cutiteteriznrion-derived effective regurgitani orifice
area correlated closely o it/t the Doppler echocardiographir
effective regurgitant orifice area IEchocardiographic area =
0 .87 (Catheterization area) -
0 .05 ; r = 0 .971 (Fig . 8) .
Because the regurgitant volume (the product
of ascending
aorta cross-sectional area and the diastolic velocity-time
Figure 7 . Graph of Doppler catheter-denied regurgitant volume
versus the angiographic grade of aortic regurgitation (AR) .
Open
Irianglaa 1 op . went native aortic calves and closed triangles represent
bioprosthetic valves .
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15 11 .5 11I 129 123 116 1,05 1 .11 3+
16 4.9 1 .4 6 171 143
1(
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21 6.5 0.4 - 177 -
22 12.4 11.4 205 - - -
23 51 1.1 145 145 1)1(4 004
1 +
766
	
cr 10 O1 .1) er Ai ..
non-
CELLO)) CANT On
IF)CF 0010
Figure 8. Graph of continuous wave Doppler-derived effective
regurgitant orifice area (FROM versus Cal hated ZaLiun-derived
effective orifice area. There was an excellent correlation between
these two areas IEchocardiographic area = 0 .87 ICatheturization
area]
-
0 .05 : r = 0 .97), demonstrating that the transvalvular peak
diastolic velocity can be obtained either directly from continuous
wave Doppler echocardiography or by derivation from the pressure
tracings with use of the simplified Bernoulli relation .
integral IVTII) is the same for the catheterization-derived
and Doppler echocardiographic-derived areas, this observa-
tion merely reflects a close correlation between the contin-
uous wave Doppler-derived velocity-lime integral of aortic
regurgitation and the catheterization-derived velocity-time
integral (Echocardiographic VTI = 0.96 ICatheterization
VIII + 5,7 : r = 0.90) . This demonstrated that : 1) viscous
losses through the aortic valve can be reasonably neglected,
and 2) square root of the mean pressure gradient (instead of
the mean of the square root of pressure) accurately estimates
the mean velocity of blood flow through the aortic valve .
Grade I aortic regurgitation was associated with cathe-
terization regurgitant orifice areas of 0 .04 to 0 .10 cm'- (Fig.
91 . Patients with 2+ aortic regurgitation had an effective
regurgitant orifice area of 0 .15 to 0
.49 em'-
. Grade 3 aortic
regurgitation was associated with a wider range of regur-
gitant orifice areas (0 .29 to 1.11 cm'). The two patients with
4+ aortic regurgitation had a regurgitant orifice area of 1 .24
and 1 .33 cm'- , respectively . Excluding those patients with
aortic stenosis from the analysis did not lead to further
overlap of the ranges of regurgitant areas for each grade .
Discussion
Doppler catheter-derived aortic effective orifice area and
regurgitant volume . Although Corrigan (Il alluded to the
regurgitant orifice area as a determinant of the severity of
aortic regurgitation in 1832, few attempts have been made to
quantify the regurgitant orifice area in viva . Our study
describes a method based on the continuity equation of
calculating the effective aortic regurgitant orifice area by
using a Doppler catheter in the aortic supravalvular position
.
The measurements required for the calculations can be
A
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Figure 9. Graph of the catheterization-derived effective regurgitant
orifice area (EROA) versus the angiographic grade of aortic regur-
gitation (AR)
.
Open triangles represent native aortic valves and
closed triangles represent bioprosthelic aortic valves,
performed in <5 min once the aortic valve is crossed
successfully. The regurgitant volume measured by this tech-
nique was found to increase as the grade of angiographic
regurgitation increased, but a wide range of regurgitant
volumes was noted for patients with 3+ and 4+ aortic
regurgitation . The Doppler catheter-derived regurgitant vol-
umes agree well with the electromagnetic flow catheter-
derived regurgitant volumes reported by Nichols et al . (5) . A
wide range of regurgitant volumes at higher grades of regur-
gitation is not unexpected because angiographic interpreta-
tion is affected by the contrast delivery system, ventricular
size and function and subjective interpretation (5,7) .
Bioprosthetic versus native valve regurgitation . A trend
toward a smaller regurgitant volume and regurgitant orifice
area for each grade was observed in the six patients with
bioproslhetic dysfunction, but insufficient data were avail-
able to test the statistical significance of this observation.
These patients, some of whom had torn bioproslhetic leaflets
visualized on two-dimensional echocardiography, had been
symptomatic for a short period of time before cardiac
catheterization. Bioprosthetic cusp tears may represent rel-
atively acute phenomena; patients with relatively recent
development of aortic regurgitation would be expected to
have a smaller regurgitant orifice area and regurgitant vol-
ume for a given angiographic grade of aortic regurgitation
because the left ventricle may not have had time to dilate .
Differences between prosthetic and native valve regurgita-
tion could also have been secondary to postoperative
changes in aortic geometry ; however, a recent study (23)
demonstrated that overall aortic geometry is preserved post-
operatively .
Effective versus true regurgitant orifice area . The method
described in this study allows estimation of the effective
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regurgimnt orifice area that corresponds to the area of the
vena contracta, but not the true regurgitant orifice area. The
true regurgitant orifice area is larger than the effective area :
this difference is due to the contraction of the flow stream as
blood passes through the orifice 1131 . The Gorlin equation
(24) for the calculation of stenotic valve area attempts to
correct for this difference by ,
drying k (the Gorlin constant)
.
A recent report (25) suggests that k may vary with changing
regurgitant orifice shapes . In the method described in this
report, we do not attempt to derive true orifice areas : one
could argue that the effective orifice area is the hemody-
namic variable that is most important to the cardiovascular
system in patients with aortic regurgitation and is a valid
index of the severity of aortic regurgitation .
Limitations. The methods described in this study are
based on use of the diastolic signal from the Doppler
catheter . Velocities measured with the Doppler catheter
using the "zero-crossing" signal analysis technique ha , c
been found in other studies (26) to correlate with the true
velocities, but they may underestimate the true velocity .
Each of the Doppler catheters along with the velocimeter
was independently calibrated in an in vitro flow system to
allow measurement of the true velocities . Use of a spectral
analysis system that performed real time fast Fourier trans-
form analysis would potentially allow even more accurate
velocity measurements ((271
. The methods descried also
depend on careful positioning of the system with a "pill!
back" of the catheter system over a 0 .014-in . (0 .036 cm)
guide wire to the supravalvular position . Development of a
Doppler catheter with a larger central lumen and proximal
pressure sensor would allow the use of larger guide wires,
enhance the accuracy of catheter placement and simplify this
technique further
.
This application of the continuity equation relies on
accurate assessment of the retrograde velocities and as-
sumes a relatively blunt profile of retrograde supravalvular
flow
. The in vitro measurements and Doppler color velocity
map confirmed a relatively blunt flow profile in the aorta
above the area of flow convergence . Measurements made
?2 cm above the aortic valve should therefore represent the
mean velocity of blood flow across the aorta as opposed to
representing the increased velocity in the zone of flow
convergence as blood accelerates toward the orifice . This
effect was observed in the 4 .8-em model aorta
: the largest
aorta in our patients was 4
.6 cm in diameter during diastole .
Use of the method described in this studs in
patients with
marked ascending aortic dilation 1>4
.8 (at in diameter)
would result in overestimation of the diastolic retrograde
aortic velocity. its well as overestimation of the r(fectire
aortic regargituet onfhce area .
Errors in echocardiographic imaging may occur as a
result of failure to image at the appropriate angle . Because
the aortic regurgitant velocity-time integrals determined by
catheter pressure and echocardiographic measurements cor-
related well . i t is unlikely that there were significant errors
related to angle of imaging . Assuming the aorta to be circular
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may lend to light errors in the calculation of the aortic area_
Errors may also occur from inaccurate measuring or imaging
of the aortic diameter . No patient in this study had aortic
dimcnsic .s that changed significantly from the sinuses to the
ascending aorta observed by echocardiography .
A small retrograde velocity signal was recorded from the
control patients in this study, probably due to diastolic
coronary flow_ The retrograde volumes were 3 to 5 ml heat .
corresponding to 190 to 300 ml min . Although coronary flew
increases in chronic aortic regurgitation, this increase in Sow
s greater in o Cole than in diastole and is unlikely to alter
significantly the magnitude of the regurgitant orifice area or
the ability of this method to discriminate between the
various grades of aortic regurgitation (21 .28 .'9) .
Clinical implications. This study demonstrates i correla-
tion between the effective regurgitant orifice area and angio-
graphic grade of aortic regurgitation . Use of this technique to
measure the sererit} of aortic regurgitation remains a re-
search tool wail the relaliorl of the
regurgitant area to the
annual history of the parieru with aortic regurgitation is
understood . The regurgitant orifice area should he further
compared with other conventional noninvasive and invasive
indexes of aortic regurgitant
s everity . i n addition . noninva-
sive methods of assessing the regurgitant orifice area may be
developed . One promising noninvasive method of assessing
the regurgimnt orifice area is velocimetry with nuclear
c imam, r These methods would
allow a comprehensive ezauuautior or the
soon . ..
	
n
etance of the regurgitant area in the clinical assessment at
patients with this valvular lesion.
The timing of replacement of the regurgitant aortic valve
is one of the most difficult problems in clinical cardiology .
Clinical studies (31) have demonstrated that not only the
degree of left ventricular dysfunction but the rate of progres-
sive dysfunction is important in patient outcome
. With the
development of methods for determining the effective regur-
gitant orifice area. the clinical importance of the defect size
to the natural history of aortic regurgitation and the devel-
opment of left ventricular dysfunction may become appar-
ent
. Future research should determine if calculating the
regurgitant orifice area is a more accurate or important
measure of aortic regurgitation severity than are traditional
indexes .
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